Supplementary Text

Dimensional analysis
The relevant parameters in the system can be cast in dimensionless form by means of the Reynolds number, Re = / , the capillary number Ca = / LV , the Bond number Bo = 2 / LV , the Strouhal number St = / and the contact angle using the Young Equation (35), cos Y = ( SV − SL )/ LV . Additionally, we identify the size ratios / and / . Here, A is the wave amplitude, d is the typical droplet size, U is the droplet velocity, ρ the density, μ the dynamic viscosity, the magnitude of the gravitational acceleration vector, Y the contact angle and LV , SV and SL the liquid-vapour, solid-vapour and solid-liquid surface free energies, respectively. Finally, we identify the dimensionless quantity related to the dynamic pinning force, i.e., Fd = / LV , the dynamic-pinning force number. The effective dynamic-pinning force measured in the climbing droplets experiments may be approximated as = − = − sin , where the minus sign originates from the direction in which the forces are defined, i.e., gravity pulls downwards while the dynamic pinning force drives the droplets up in the positive -direction.
Three-phase line integral theory As a starting point of the analysis, we consider the Young equation, which can be derived from the force balance at the three-phase line based on the surface free energies ( fig. S6a ), i.e., SV − LV cos Y − SL = 0. Now, we apply a perturbation to the droplet in such a way that locally the contact angle is increased by a small amount (see fig. S6b ). This means that the system is out of balance, and that a small force (per unit length into the paper) − should be added to bring the system back to equilibrium. The force can be obtained by making a first-order Taylor approximation of the Young equation, i.e. In vector form, the force per unit length on the three-phase line points in the direction of the outward normal, i.e.
where is the outward-pointing unit normal of the three-phase line in the ( , ) plane (i.e., pointing to the right in fig. S6a and b) . Here, we integrated in the second step to obtain finite values for , where we have rewritten ( Y ) = 0 (equilibrium because of the Young Equation) and ( Y + Δ ) ≡ (for notational simplicity). The outcome of Equation (S2) is valid for small values of Δ , since we only made a first-order approximation. Now, consider a spherical-cap shaped droplet (i.e., with a circular solid-liquid base area), at rest at a flat (but deformable) surface. Instantaneously, we change the surface shape from flat to corrugated, with some surface structure described by the height function = ℎ( , ), which is sketched in fig. S6c . As a result, the contact angle, which is defined along the three-phase line, is instantaneously perturbed by the corrugations. At every point of the three-phase line, the perturbation in contact angle is reflected by the change in surface inclination in the direction of the unit normal ( fig. S6d) , which is calculated from the derivative of ℎ( , ) in that particular direction. In other words, for every point at the three-phase line, the finite perturbation of the contact-angle is given by
By substituting Equation (S3) into Equation (S2), we obtain the local force per unit length f on the three-phase line. The total capillary force on the droplet that originates from the geometric perturbations along the three-phase line, is obtained by integrating along the three-phase line (TPL), i.e. 
We emphasize the quasi-static nature of this approach, where we assumed that the three-phase line does not deform, contrasting with approaches such as the perturbed three-phase line contactangle hysteresis analysis of Joanny and De Gennes (36).
Sinusoidal surfaces
As an example, we consider the general form of a sinusoidal surface structure, defined by the height function
Here, is the wave amplitude, the wavelength and is an arbitrary phase shift. Its gradient is given by
Following the analysis from the previous section, the total force generated by the three-phase line is obtained by applying Equation (S6 Due to symmetry with respect to the x-axis, = 0, and
where LV was used to non-dimensionalize the force on the droplet. When the phase-shift is zero (or when = or = + 1/2, with ∈ ), both the droplet and sinusoidal surface are symmetric with respect to the y-axis, so that the force contributions of all parts of the three-phase line cancel, and the total force (Equation (S10)) is zero. This is the case when the droplet base centre coincides with a top or a crest of the sinusoidal surface. Since the base of the spherical cap is located at the origin, changing the phase shift will horizontally shift the wave with respect to the droplet center. When ≠ or ≠ + 1/2, with ∈ , the forces on the droplet are not symmetric with respect to the y-axis and an effective force will be generated on the droplet by the corrugations. This is the situation when a droplet is placed at a random position on the corrugated surface. To investigate these forces, we study the range ∈ [0,1], for a range of droplet sizes, i.e., 1 < / < 6. Here, Equation (S10) is solved using numerical integration and the results are depicted in fig. S3 -Ia, from which it can be clearly seen that the forces are maximal at phase-shifts = /2 + 1/4, with ∈ . Due to the alternating sign of the maximal forces, there exist stable and unstable equilibria at e = 0, 0.5 and 1. The stability is determined by the size of the droplet, e.g., we observed that for 1.72 < / < 2.74, the stable equilibrium is located at e = 0, while for 2.74 < / < 3.75, the stable equilibrium is located at e = 0.5. This alternation repeats for larger / . To identify the loci of the stable equilibria, we investigate the stable equilibrium positions of the droplet by calculating the energy barrier from the force in Equation (S10). Starting from = −∇ , where is the system energy, and by assuming that only the movement in the direction is of importance (which is allowed for one-dimensional surface structures), the force can be written as
Changing the distorting wave phase by the amount of Δ = 1 is equivalent to moving the droplet by the amount of Δ = − , which explains the last step at the right-hand side of Equation (S11). By integrating Equation (S11) with respect to , we obtain
Here, ( ref ) is a reference energy at an arbitrary ref (for a fixed value for / ). Because we are interested in the energy difference between all states on a single surface, (i.e., the depth of the potential energy well), we choose ( ref ) = max . For the sinusoidal wave, max is either ( = 0) or ( = 0.5). An "Energy landscape" depicting the depths of the energy wells corresponding to the droplets that are positioned on different locations on the wave is illustrated in fig. S3 -Ib.
Dynamic pinning
In the previous sections, we have considered the capillary force for the case when a droplet was subjected to an instantaneously deforming ('upcoming') surface. We will use those insights to theoretically model the dynamic-pinning mechanism. As a guideline, we consider the sinusoidal wave, i.e., Equation (S7). When a droplet of a certain size d is deposited on such a surface with wavelength it will find a stable equilibrium as indicated in fig. S3 -Ib corresponding to e = 0 or 0.5, depending on / . Next, we consider what happens when the surface wave is set into motion. A travelling wave can be modelled by introducing a time-dependent phase shift, driven at a frequency Ω. When the wave travels for a very short amount of time , the wave is phaseshifted by an amount of = Ω . Because the droplet was initially placed in a stable equilibrium position, i.e., = 0, this small shift will generate a net force per unit length at the three-phase line of the droplet in the normal direction (see fig. S6e and f) resulting in an overall net force in the wave direction. Without any other forces present (e.g., viscous dissipation, gravity), this force will instantaneously relocate the droplet back to the stable equilibrium position. This process is repeated continuously when the wave travels at a velocity wave = Ω, which results in a droplet that moves along with the travelling wave, i.e., it pins dynamically to the stable equilibrium position, which qualitatively explains the mechanowetting transport mechanism. When there are additional forces acting on the droplet such as viscous forces or gravitational forces, the droplet will undergo a similar process. When the droplet moves on a horizontal travelling wave as discussed above, viscous stresses develop inside the droplet which will result in a counteracting viscous force. Similarly, if the travelling surface with a moving droplet is tilted as we do in the experiments, gravity will counteract the motion of the droplet. As a result of these forces, the droplet is displaced away from its stable equilibrium position on the traveling wave through a phase shift Δ . This phase shift breaks the symmetry and an overall net force Δ is generated that tends to drive the droplet back to the stable equilibrium (similar to figs. S6e and f). For a given phase shift this net force can vary in magnitude, depending on the relative droplet size / , and has an oscillatory dependence on / (see fig. S3 -Ia), which is at the root of the oscillating nature of the experimental data of Fig. 2 . To quantify the force , we increase from 0 to 0.25 or from 0.5 to 0.75 (i.e., Δ = 0.25), depending on / (see the previous section). We illustrate this phenomenon by plotting a number of cases, marked by the crosses in fig. S3-Ia and b, in fig. S3 -II. Starting from = 0, i.e., an equilibrium position, we increase to see the local forces (black arrows) change, and the net force (red arrows) increases. Depending on / , the net force is either in the + ( / = 2.18) or − ( / = 3.21) direction. For the special case / = 2.72, the sum of local forces cancels out resulting in = 0, for all . At = 0.5, a symmetric situation is reached, which is an equilibrium position. When increasing the phase shift even further to = 0.75, the opposite behaviour is observed, generating a positive force for / = 3.21. We can write the dynamic-pinning force on a sinusoidal surface based on Equation (S10) in symbolic form through
where Fd and the arguments of Ψ(… ) were obtained earlier through dimensional analysis and the integral formulation underlying Ψ is evaluated numerically. In this model, the phase shift difference Δ is a free parameter, which is calibrated to the experiments, resulting in Δ =0.08. The critical angle is obtained from the dynamic-pinning force through sin crit = / , where is the mass of the droplet and the gravitational acceleration constant. The dynamic pinning force for Δ =0.08 is plotted in fig. S2 to illustrate the magnitude of the forces that can be generated using mechanowetting.
We can use Equation (S13) to study the dependence on the governing dimensionless numbers Y , / , / and Δ , where Δ = 0.08 is the optimal wave distortion to fit the theory to the experimental and CFD results ( fig. S2 ). We observed that the periodicity of Fd with / from the experiments is reproduced correctly. Additionally, we observe a maximum dynamic-pinning number at Y = 90 ∘ ( fig. S3 -Ic) and a linear increase in effectiveness with increasing / ( fig.  S3-Id) .
Other height functions
The mechanowetting mechanism does not require a periodic function, nor a sinusoidal function. In this section we explore the dynamic pinning force for a range of different surface topographies ℎ( , ). For example, the three-phase line also attaches to a moving, smooth step function, e.g. ℎ s ( , ) = exp ( 10 ) exp( ) + exp ( 10 ) (S14)
In fig. S7b , we observe that the incoming step function described by Equation (S14) generates a consistent force in the positive -direction. However, when we flip the sign of the function (i.e., → − ), the transport direction also changes. This is prevented when the step function is converted into a bump. To create a "bump" function, we use two phase-shifted step functions of opposite sign, i.e., from Equation (S14), we obtain where the denominator is used to normalize the function. In fig. S7c , we observe the positive amplitude, i.e., a bump. The bump travels from left to right, generating a force in the direction, proving that this surface structure is able to transport droplets. When we flip the sign the surface still generates forces in the positive direction, which demonstrates the increase in versatility when changing from a (smooth) step function to a bump. In addition, we also show combinations of bumps, i.e., fig. S7d and e, showing that the effectiveness of the transport is increased when more bumps are added. When the structure is designed in such a way that the ridges follow the three-phase line contours more accurately, i.e., ℎ( , ) ∝ sin(2 √ 2 + 2 / ) ( fig. S7f) , we see that the effectiveness increases even more. When we stretch this topography in the direction, the performance becomes smaller again ( fig. S7g ).
In summary, by applying the theory to a number of different elementary surface structure profiles, guidelines for the optimal surface topography can be derived. All shown unit structures in fig. S7 are able to generate forces such that transport can be made possible. The three-phase lines of free-standing droplets on a homogeneously flat surface are circular, so to optimally utilize every part of the three-phase line optimally and generate maximum dynamic-pinning forces, the surface topography should be adapted to the contours of this minimum-energy state. A radial, sinusoidal structure was analyzed and was found to potentially double the generated forces when compared to a sinusoidal structure.
Maximum force at fixed volume as a function of contact angle From the three-phase line integral theory derived above, we observe that the dynamic pinning force scales as ∝ ( Y ) sin Y , when keeping all other properties constant ( was defined earlier in the Methods section). This function can be optimized by (numerically) solving 0 = ( ( Y ) sin Y )/ Y for 0 < Y < 180 ∘ , resulting in Y = 65.5 ∘ , which represents the contact angle that maximizes dynamic-pinning forces when the droplet volume is fixed. Note that this maximum seems different from the maximum observed in fig. S3 -Ic. However, in that figure, the dynamic-pinning force number / LV is plotted, where is also a function of the contact angle. A Dynamic-pinning force number, calculated using the three-phase line integral theory, as a function of the distorting phase shift. B Energy landscape corresponding to the forces in A, calculated using Equation (S12). The situations connected to the crosses in A and B are shown in more detail in fig. S3 -II. C Contactangle dependence of the dynamic-pinning force. Here, the results are normalized by the droplet length, showing a maximum near 90 degrees, which is different from the maximum at fixed droplet size, which is 65.5 degrees (see Methods). D Dynamic-pinning numbers as a function of increasing amplitude-wavelength ratio. fig. S8 . The filled area illustrates the range at which the droplet experiments were conducted. D The advancing contact angle, receding contact angle and contact angle hysteresis of 3:1 water:isopropanol droplets on the virgin PDMS film, measured right after it was fixed to the metal frame. E Contact angle measurements, five minutes after applying a layer of silicone oil (viscosity 5 mPa s) to the back side of the PDMS film. The error bars are from experiments using five different films. Fig. S5 . Application of the PDMS film on the traveling wave device. A The traveling-wave device, attached to a tilting setup, with the exposed conveyor belt. B An aluminum window is placed where the PDMS will make contact with the belt. C The PDMS film is put under tension in a metal frame and is (locally) coated with a layer of silicon oil (i.e., the square in the center). D The film is carefully placed onto the belt. E Using an air pump, a vacuum pressure is created underneath the belt. F After treatment, the belt movement is initiated to generate a traveling transverse wave. A 3:1 water:isopropanol droplet is deposited on the surface, which is picked up and is transported at the wave speed. Photo credits: E.D.J. B The effect of a small distortion on the contact angle is a force-per-unit-depth on the three-phase line. C A spherical cap-shaped droplet on a structured surface. D A distortion on the surface topography also generates a force on the three-phase line. E Three-phase line dynamics on the tops of a traveling wave, traveling at wave speed wave = Ω , at the receding side of the droplet. F Three-phase line dynamics at the advancing side of the droplet. Because of the friction between the belt and the film, the wave amplitude is not uniform but increases along the propagation direction. Here we will derive an analytical model to calculate the amplitude at the individual sections (or "waves") along the belt. First, the balance of traction forces in the tangential direction at the two ends of each section as indicated in the schematic above (showing two consecutive sections), i.e., where the film and the belt make contact, can be expressed by the Capstan equation
where is the wave index, is the tension in the film per unit depth, with units of N m −1 , is the tangential angle at which the contact is lost between the film and the belt, and is the friction coefficient. Note that is total tension, including the tension resulting from the friction with the belt, the tension due to the pressure difference applied over the film, and the pre-tension caused by stretching the film before applying it to the belt (see fig. S5 ). Second, since the tension in the film has to be balanced by a pressure difference over the film in the vertical direction where the film is not in contact with the belt, the following equation has to be satisfied as well 2 sin = Δ (S17)
where Δ is the pressure difference generated by the vacuum pump, and is the projected horizontal length of the non-contact section of the film, which can be expressed as = − 2 sin = 4 − 2 sin (S18)
